The phase behaviour and optical properties of mixtures based on cholesteric copolymers with 3 -6 wt.-% of photochromic dithienylethene dopants as well as a cholesteric copolymer containing dithienylethene side groups were studied. It was shown that planar-oriented films of the mixtures and of the copolymer possess a selective light reflection in the visible or near IR regions of the spectrum. UV irradiation of the mixture films leads to the appearance of an intense absorbance peak in the spectral range coinciding with the selective reflection band (λ max ≈ 522 -615 nm depending on the chemical structure of the photochromic fragment). This process is associated with the photocyclization of dopants and photochromic side groups and the 'degeneration' of the selective light reflection. The photoinduced coloured form of dopants and photochromic side groups is thermally stable at room temperature, but subsequent irradiation of the film by visible light (550 or 633 nm) induces a decoloration process. The influence of temperature on the rates of forward and back photoprocesses in such polymeric liquid crystalline films was studied. The potentialities of the use of such type of materials for reversible data recording and storage were demonstrated.
Introduction
Among the different types of 'smart' materials, photochromic polymers attract a noticeable practical and scientific interest associated with the possibility of regulation of their optical properties by means of light irradiation and development of materials for optical data recording and storage [1] [2] [3] [4] [5] [6] [7] [8] . In a number of papers [9] [10] [11] [12] [13] , we described cholesteric copolymers and mixtures which open up new possibilities for optical data recording. A novelty of the developed approach is in the combination of unique optical properties of cholesteric liquid crystals with photochromism. The ratio between components and structure of photochromic groups was selected in such a way that the peak absorbance of the photoinduced form of the photosensitive groups almost coincided with the selective light reflection band of the helical supramolecular structure. In such conditions, during UV irradiation 'degeneration' (or disappearance) of the selective light reflection peak is observed due to the strong absorbance of the coloured photoinduced form of photochromic groups in this spectral range.
1
In our first work we used spiropyran derivatives as photochromic fragments [9] [10] [11] [12] . But such systems possess a considerable drawback which is connected with the thermal instability of the photoinduced merocyanine form even at room temperature. That is why we recently studied cholesteric mixtures containing a promising photochrome of diarylethene type [13] . It is well known that substances of such type display a marked photochromism: under UV light irradiation, a photocyclization process with the formation of a coloured closed form is observed [14] [15] [16] 
UV light visible light colourless coloured
It is important to emphasize that the coloured form of most diarylethenes with heterocyclic aryl groups is thermally stable at ambient conditions [14, 15] . In addition to the thermostability of the photoinduced form, diarylethenes also possess other useful properties, such as high quantum yields of the photocyclization process, high fatigue resistance and high rates of photocyclization and cycle opening processes in solution and in solid polymer films [14] [15] [16] . Due to the above mentioned properties, such compounds are very interesting for the development of new photochromic materials and attracted great attention of researchers in the last time.
Up to now, except our preliminary recent research [13] , papers concerning the study of photochromic substances of diarylethene type in a cholesteric polymer matrix are absent. This article presents a logical follow-up of the works [9] [10] [11] [12] [13] connected with the design, synthesis and study of photochromic cholesteric systems. Hence, in this work, we have studied a ternary copolymer and three mixtures forming cholesteric phases and possessing photochromic properties.
The ternary copolymer 1 contains nematogenic phenyl benzoate units, responsible for the formation of orientational order, cholesterol-containing groups, responsible for the induction of a helical supramolecular structure, and photochromic diarylethene fragments (cf. Scheme 1).
Mixtures I -III were prepared from two diarylethene dopants I, II and cholesteric copolymers 1, 2, differing by phase behaviour (cf. Scheme 2). Copolymers 1 and 2 form only a cholesteric mesophase (N*), whereas for copolymer 3 the formation of a lowtemperature more ordered phase SmC~* was observed. (In the SmC~* phase of this copolymer the side chains are rearranged into chevron-like blocks of bilayers and form a supramolecular helical structure. A local order of the mesogenic groups in this phase was studied in detail in ref. [17] for the corresponding butoxy-substituted phenyl benzoate homopolymer.)
Such choice of objects for investigation allows to elucidate the features of the photooptical behaviour of cholesteric systems differing by the structure of the photochromic component and the nature of the polymeric matrix. 
Experimental part

Synthesis and mixture preparation
Cholesteric copolymers were synthesised by radical copolymerization of the corresponding acrylic monomers according to the procedures described in ref. [18] . The synthesis of the photochromic dopants is presented in ref. [19] . The diarylethenecontaining acrylic monomer, 2-methyl-3-[2-(2,5-dimethylthienyl-3)hexafluorocyclopentenyl-1]-5-(2-(4-(6-acryloyloxyhex-1-yloxy)benzoyloxy)ethyl)thiophene was prepared by the following scheme:
To a solution of 2 g (0.01 mol) 2,5-dimethyl-3-bromothiophene (1) in 10 ml freshly distilled tetrahydrofuran (THF) in Ar atmosphere at -70°C, 7 ml BuLi (1.58 M) in hexane was added by drops during 1 h. The prepared 2,5-dimethyl-3-lithium thiophene solution, cooled to -70°C, was added from a funnel during 1 h to 1.5 ml (0.011 mol) of an octafluorocyclopentene solution in 10 ml waterless THF in Ar atmosphere at -70°C. It was stirred at the same temperature for 1 h and at ≈ 20°C for 3 h, then it was kept over night. The reaction mixture was poured to 4 ml HCl solution in 20 ml water at 0°C. The organic layer was separated and the water layer was extracted by ether. The extract was added to the organic layer, washed with water and 5% NaHCO 3 solution, then with water again, and dried over CaCl 2 . + m/z = 396}.
At -70°C in Ar atmosphere, 3.2 ml BuLi (5 mmol) in hexane was added dropwise to 0.813 g (4.57 mmol) 2-methyl-3-bromothiophene [20] solution in 4.6 ml dry THF. After 10 min, 1.11 g of 2 was added during 5 min. It was stirred for 1 h at -70°C, cooled down to ≈ 20°C and kept over night. The reaction mixture was cooled to -60°C and 5 ml methanol were added by drops, stirred for 10 min at low temperature, and then cooling was stopped. The solvent was removed, the residue was chromatographed on a column (sorbent -SiO 2 , eluent -hexane (5) To 0.668 g (1.7 mmol) of 4 solved in 4 ml dry ether at ≈ 20°C in Ar atmosphere, 1.6 ml (2.5 mmol) BuLi in hexane were added and mixed for 3 h. The reaction mixture was cooled down to ≈ 25°C and 1.4 ml (2.5 mmol) ethylene oxide were added. It was then stirred for 1 h without cooling and cooled again to 2°C for 30 min with stirring. The organic layer was separated and the water layer was extracted with ether. The extract was added to the organic layer, washed with dilute HCl and water, then dried over MgSO 4 . The solvent was evaporated, the residue was chromatographed on a column (sorbent -SiO 2 , eluent -hexane:acetone 10:1). (6) 0.113 g of 4-(6-acryloyloxyhex-1-yloxy)benzoic acid (3.87 mmol) synthesised according to ref. [21] , 0.127 g of 5 (3.22 mmol), and 0.005 g of N,N'-dimethylaminopyridine (0.4 mmol) were dissolved in 2 ml of THF. Then dicyclohexylcarbodiimide (DCC) (0.088 g, 4.23 mmol) was added and the resulting mixture was stirred for 36 h. The reaction was monitored by thin layer chromatography (TLC) using a mixture of toluene-ethyl acetate (10:1) as eluent. The formed precipitate was filtered, washed with THF, and chloroform (50 ml) was added to the filtrate. The solution was washed successsively with water, a 5% solution of acetic acid, and finally with water until pH 7 was achieved. The ether extract was dried over anhydrous Na 2 SO 4 . After the solvent was distilled in vacuum, the product was purified by column chromatography using chloroform as eluent. Yield 23% (yellowish oil). IR: 2948, 2884, 2864 (CH 2 ), 1720 (CO), 1635 (C=C), 1606 (C-C in Ar), 1274 cm -1 (COC).
The mixtures were prepared by dissolving copolymers and dopants in chloroform followed by solvent evaporation at 60°C. Then they were dried in vacuum at 120°C during two hours.
Physical properties
NMR 1 Н spectra were recorded on spectrometers WM-200 (200 MHz) and АМ-300 (300 MHz) Bruker; for measurements, substances were dissolved in CDCl 3 or (CD 3 ) 2 SO. Mass spectra were recorded on a Finigan MAT INCOS-50 (70 eV). Composition of reaction mixtures were controlled by NMR spectroscopy and TLC. Preparative separation and purification of reaction products were performed using column chromatography with silica gel L 40-100 µm using eluents of different polarity. All reactions with lithium-organic compounds were performed under dry argon atmosphere. Reagents and solvents were dried using standard techniques. Melting temperatures were measured using a Boetius heating stage. Phase transitions of the synthesised copolymers and mixtures were studied by differential scanning calorimetry (DSC) with a scanning rate of 10 K/min. All experiments were performed using a Mettler TA-400 thermal analyser and a LOMO P-112 polarizing microscope. Selective light reflection of the cholesteric films was studied with a Hitachi U-3400 UV-Vis-IR spectrometer equipped with a Mettler FP-80 hot stage. The 20-µm-thick samples were sandwiched between two flat glass plates. The thickness of the test samples was preset by Teflon spacers. Planar texture was obtained by shear deformation of the samples, which were heated to a temperature 5°C below the N*-I transition temperature followed by ≈ 20 min of annealing at the same temperature. Prior to the tests, the samples were annealed for 20 -40 min at appropriate temperatures.
Photo-optical investigations
Photochemical investigations were performed using a special instrument equipped with a DRSh-250 ultra-high pressure mercury lamp and a HeNe laser (633 nm). Using filters, light with wavelengths of 313 and ≈ 550 nm was selected. To prevent heating of the samples due to IR irradiation of the lamp, a water filter was used. To obtain a plane-parallel light beam, a quartz lens was used. During irradiation, a constant temperature of the test samples was maintained using a Mettler FP-80 heating unit. The intensity of incident light was equal to 1.0×10 -9 Einstein·s -1 ·cm -2 (1.3 mW/cm 2 ) for light of 313 nm, as measured actinometrically [22] ; thatof visible light (≈ 550 nm) was equal to ≈ 0.7 mW·cm -2 , as measured with an IMO-2N intensity meter. The intensity of the HeNe laser was equal to 1.3 mW/cm 2 , as measured also with the IMO-2N intensity meter.
Photochemical properties of copolymer and mixtures were studied by irradiation of the 20-µm-thick films at different temperatures. After irradiation, absorption spectra were recorded.
Results and discussion
Optical properties of photochromic copolymer 1 and mixtures
For all mixtures and for copolymer 1, formation of a cholesteric phase was observed, but mixture II may also develop a low temperature SmC~* phase. As will be shown later, this phase does not influence strongly the optical properties of the planaroriented films. Temperatures of phase transitions and glass transitions are presented in Tab. 1. Let us consider the optical properties of the ternary copolymer and mixtures. The planar-oriented texture of such systems is characterized by a selective light reflection in the visible and near IR spectral regions. The selective light reflection maximum of the copolymer and mixtures I and III practically does not depend on the temperature in a wide range (Fig. 1) .
Fig. 1. Temperature dependencies of the selective light reflection wavelength for copolymer 1 and mixtures
The small peak in the temperature dependence of λ max for mixture II with a maximum at 95°C is associated with the appearance of smectic order elements in this temperature range. As was shown in ref. [23] , phenyl benzoate homopolymer forms a hightemperature SmA mesophase. Evidently, in spite of the absence of a high-temperature SmA phase in mixture II, smectic order fluctuations are formed. This leads to an increase of the twist elastic constant and, as a consequence, to a slight cholesteric helix untwisting [24] . A similar effect was observed earlier for a methyl-containing copolymer with nematogenic side groups of the same structure [25] .
Photo-optical properties of photochromic copolymer I and mixtures
Upon UV irradiation with a wavelength of 313 nm, the absorption spectra of the planar-oriented films show an intensive peak with its maximum ranging from 522 to 615 nm, depending on the structure of the photochromic compound (Tab. 1, Fig. 2a) . 7
Such spectral changes suggest the occurrence of photoinduced cyclization [14, 15] . The photoinduced ring-opening back reaction takes place upon visible light irradiation (Fig. 2b) . a b Let us consider the kinetics of forward and back photoreactions in copolymer 1 and mixtures I -III. Fig. 3 shows a typical time dependence of the reduced optical density (A ∞ -A t )·(A ∞ -A 0 ) -1 , where A 0 , A t and A ∞ are the absorbances at 359 nm at times t = 0, current time t, and t → ∞, respectively. For all systems, the rate of the forward photoinduced process is not controlled by temperature and phase state of the system. This implies that the local surrounding of the photochromic groups in the polymer matrix has no effect on the kinetics of the photoinduced process, i.e., the system possesses a certain free volume which allows the occurrence of the photoinduced reaction. This experimental fact reveals the important advantages of the photochromic diarylethylene systems as compared with, for example, azobenzene or stilbene photochromes where the photoinduced processes may be markedly inhibited by the polymer matrix [26] [27] [28] [29] . In the latter cases, a relatively high free volume is needed for photoisomerization.
As mentioned above, the important advantages of the photochromic diarylethylene derivatives are related to the high thermal stability of their photoinduced closed form. The thermal stability of the 'closed' form of photochromic groups of copolymer 1 and dopants in mixtures I -III was estimated (Fig. 4) . To this end, films of copolymer 1 and mixtures were irradiated with UV light at different temperatures. Then, changes in the optical density at the wavelength corresponding to the selective light reflection maximum of the closed form were assessed. In the case of copolymer 1 and mixtures I and II, the photoinduced form is stable, whereas, for mixture III at temperatures above 50°C, the 'closed' form of dopant II is transformed into an open form, at a high rate of transfer. To prove that the decoloration process is related to the ring opening reaction rather than to thermal decomposition of dopant II, the annealed films were subjected to additional UV irradiation.
In this case, one may observe again the appearance of the absorption peak of the 'closed' form, and the maximum optical density coincides with the values obtained prior to annealing. Recently in ref. [30] , a diarylethylene compound was studied; upon annealing, the closed form of this compound also was transformed to an open form. In this case, the compound contained isopropyl substituents in the vicinity of the bond produced upon photoinduced cyclization. As a result, destabilization of the closed form is seen. In our case the nature of thermal instability of the closed form of dopant II is still unclear. The presence of substituents in the thiophene rings changes the electronic structure of the closed form and reduces the energy barrier of the back transition. However, it seems important to emphasize that, at room temperature, the closed forms of all diarylethylene derivatives in the ternary copolymer and mixtures are stable.
As mentioned above, for all systems the process of ring opening is provided by irradiation with visible light (Fig. 2b) . In this case, the decoloration process takes place even at room temperature (Fig. 5) . For copolymer 1 and mixture II, the rate of this process slightly depends on temperature, whereas, for mixture III, the rate of the process increases with increasing temperature (Fig. 5a ) a . This result may be explained by the fact that, in the latter case, both thermoinduced and photoinduced processes of ring opening occur, and the higher the irradiation temperature, the higher the total rate of the back reaction. 
Chiro-optical properties of planar-oriented films of photochromic copolymer 1 and mixtures
For the ternary copolymer 1 and mixtures I and III, the selective light reflection maximum almost coincides with the absorption peak of the closed form of the photochromic component. Upon UV irradiation of the films, one may observe a partial decrease of the selective light reflection intensity due to a marked absorption of the photochromic molecules in this spectral region. This phenomenon manifests itself in the variations of the spectra of circular dichroism (Fig. 6 ). Upon irradiation of the films, photoisomerization is accompanied by a noticeable decrease in the circular dichroism (CD) in the region of the selective light reflection due to a marked absorption of the closed form of the diarylethylene groups. In the case of mixture III, the blue shift of the CD maximum is associated with appearance of the absorbance of the closed form at the long-wavelength shoulder of the peak (Fig. 6b) For mixture II where the selective light reflection maximum is located in the IR spectral region and does not coincide with the absorption peak of the closed form (Tab. 1, Fig. 1 ), the circular dichroism spectra show no marked changes. An important feature of the chiro-optical behaviour of the system also concerns the fact that no induced circular dichroism in the region of absorption of the photoinduced form of the dye is detected. This phenomenon was repeatedly observed in refs. [31] [32] [33] [34] for the cholesterics doped with various dichroic dyes, possessing high anisometry and good compatibilty with the chiral nematic host. However, in our case the degree of orientation of the dopant molecules in the cholesteric phase is likely to be so small that the above behaviour may hardly be detected. This indicates that the degree of anisometry of the diarylethene dye molecules is very small and there is no preferred orientation along the liquid crystal director.
Fatigue resistance properties
An important parameter characterizing the stability of photochromic material to cycles of 'recording-erasing' is the so called fatigue resistance:
where n is the number of the cycle, and A ir and A 0 are the absorbance of the closed form before and after irradiation, respectively. Fig. 7 presents η(n) plotted against the number of cycles. In each cycle, recording is performed upon UV irradiation whereas erasing is provided by the irradiation with visible light. The fatigue resistance of the ternary copolymer 1 and mixtures I and II appears to be rather low (Fig. 7) . This trend is related to irreversible secondary photoinduced reactions [13] . On the other hand, mixture III shows a good resistance to the repeated recording-erasing cycles. This behaviour occurs because of the absence of any secondary processes in dopant II. Number of cycles Fig. 7 . Fatigue resistance properties of copolymer 1 and mixtures under the same recording-erasing conditions. In each cycle, the films were irradiated with UV light (313 nm), then irradiated with visible light. 'Recording' was performed using UV light (λ ir = 313 nm, t = 10 min); 'erasing' was performed using visible light (λ ir = 550 nm for the copolymer, 633 nm for the mixtures, t = 25 -30 min)
Conclusion
Comparing the photochromic properties of mixtures I and II, one may conclude that the difference in the phase behaviour of both systems has no marked effect on the kinetics of the photoinduced processes and the fatigue resistance. The specific features of the photochromic behaviour of the mixtures are primarily related to the difference in the structure of the photosensitive groups. In this respect, the behaviour of mixture III containing dopant II appears to be maximally different.
The results obtained in this work allow one to conclude that such systems may be used as materials for the reversible recording of optical information. From the viewpoint of fatigue resistance in the repeated recording-erasing cycles, the best characteristics are shown by mixture III.
